Abstract In vitro fertilized (IVF) embryos show both cell cycle and developmental arrest. We previously showed oxidative damage activates the ATM → Chk1 → Cdc25B/Cdc25C cascade to mediate G2/M cell cycle arrest for repair of hydrogen peroxide (H 2 O 2 )-induced oxidative damage in sperm. However, the mechanisms underlying the developmental delay of zygotes are unknown. To develop a model of oxidative-damaged zygotes, we treated mouse zygotes with different concentrations of H 2 O 2 (0, 0.01, 0.02, 0.03, 0.04, 0.05 mM), and evaluated in vitro zygote development, BrdU incorporation to detect the duration of S phase. We also examined reactive oxygen species level and used immunofluorescence to detect activation of γH2AX, Cdc2, and Cdc25. Oxidatively damaged zygotes showed a delay in G2/M phase and produced a higher level of ROS. At the same time, γH2AX was detected in oxidatively damaged zygotes as well as phospho-Cdc25B (Ser323), phospho-Cdc25C (Ser216), and phospho-Cdc2 (Tyr15). Our study indicates that oxidative stress-induced DNA damage of mouse zygotes triggers the cell cycle checkpoint, which results in G2/M cell cycle arrest, and that phospho-Cdc25B (Ser323), phospho-Cdc25C (Ser216), and phospho-Cdc2 (Tyr15) participate in activating the G2/M checkpoint.
Introduction
In vitro fertilization and embryo transfer (IVF-ET), just as its name implies, involves transfer of embryos, from the outside world to the uterus, after fertilization in vitro. The environment, which includes culture medium, light, temperature, and the gas phase, plays an important role in supporting the growth and development of the zygote (Latham 2016) . Alteration of these factors will lead to oxidative stress for producing excessive reactive oxygen species (ROS) (Agarwal et al. 2014; Ménézo et al. 2010) . In most mouse strains, IVF embryos always show developmental arrest due to deterioration during culture (Kimura et al. 2010) . Among the factors that affect the developmental competence of IVF embryos, oxidative stress (OS) is a well-known inducer of developmental arrest (Orsi and Leese 2001; Takahashi 2012) . We found that embryos in clinic are apparently normal in Day 3 (D3), but many do not develop to the blastocyst stage (Ventura-Junca et al. 2015) . This may be related to OS (Meuter et al. 2014) . However, because of ethics limitations, we cannot test this in clinic. So, we used hydrogen peroxide (H 2 O 2 ) to treat mouse zygotes to simulate the clinical phenomenon (Radak et al. 2013) .
The general consensus is that cell cycle checkpoints, including G1/S, intra-S, and G2/M, are involved in DNA damage response reactions (Luft et al. 2001; Cho et al. 2013) . In addition, γH2AX, a marker for DNA damage, is an early indicator of DNA double strand breaks and plays an important role in DNA damage response (Benzina et al. 2015) . Our previous studies found that mouse embryos fertilized with H 2 O 2 -treated sperm show the appearance of γH2AX and a delay in the first cleavage ). In addition, checkpoint proteins ATM, Chk1, and Cdc25 are phosphorylated and activated in zygotes fertilized with H 2 O 2 -treated sperm Song et al. 2014) , which indicates that embryos fertilized with treated sperm might be arrested at the G2/M checkpoint, through the ATM → Chk1 → Cdc25B/Cdc25C pathway (Song et al. 2014) , to give time to repair damaged sperm DNA. Studies in fibroblasts have shown that oxidative damage leads to G1/S arrest (Chien et al. 2000) . Interestingly, H 2 O 2 -induced damage leads to G2/M growth arrest in normal uroepithelial cells (Chien et al. 2000) . Thus, cell signaling can differ in response to oxidative damage in various cells (Shaltiel et al. 2015; Yoshiyama et al. 2013) .
However, it remains elusive whether oxidative damage triggers cell cycle checkpoints in zygotes, and the potential oxidative damage repair mechanisms are unknown. Available literature suggests that maternal genes are expressed in the embryo until zygotic genes become activated (Xu et al. 2014 ). In the mouse, activation of zygotic genes begins at the one-cell stage and peaks at the two-cell stage (Hamazaki et al. 2015) . Some studies do not consider that zygotic genes have an effect at the one-cell stage (Hamazaki et al. 2015; Shi et al. 2015) , leading to the possibility that oxidative damage repair mechanisms of onecelled embryos might differ from other types of cells. The Cdc25 family of dual-specificity phosphatases, which can regulate cell cycle progression by controlling cyclin dependent kinases, is composed by Cdc25A, Cdc25B, and Cdc25C (Sur and Agrawal 2016) . M-phase promoting factor (MPF), composed of Cdc2 and Cyclin B, is a master regulator in cell cycle of mitosis and Cdc2 is inactive via phosphorylation on tyrosine 15 (Tyr15) and threonine 14(Thr14) (Shaltiel et al. 2015) . Microinjection of Cdc25B-S321A-mRNA into mouse zygotes in S phase results in premature MPF activity by dephosphorylating Cdc2-Tyr15 (Xiao et al. 2011) , and mutant of Cdc25B-S323 causes delayed progression from G2 into mitosis (Lyons et al. 2013) , indicating that phosphorylation of Cdc25B plays a vital role in regulating G2/M transition in mouse zygotes (Depamphilis et al. 2012; Meng et al. 2013) and that phosphorylation of Cdc25B and Cdc2 is an important regulatory mechanism for Cdc25B and Cdc2 activity to regulate MPF activity and cell mitosis (Cui et al. 2014; Xiao et al. 2011) . This also suggests that oxidative damage in fertilized eggs may lead to a fluctuation of the phosphorylation level of the Cdc25 family and Cdc2, ultimately regulating the activity of MPF and resulting in a retardation of progression through G2/M phase (Bouldin and Kimelman 2014) . Studies identified that the Cdc2-Tyr15 is a critical protein involved in G2/M checkpoint control in response to DNA damage (Yan et al. 2012) . Moreover, oxidative damage is also associated with the deactivation of Cdc25C by phosphorylation at Ser216 (Le et al. 2006; Savitsky and Finkel 2002) . We speculate that the Cdc25 family and Cdc2 can be important signaling molecules in mouse fertilized egg cell cycle checkpoints.
H 2 O 2 has been used as a model for oxidative damage due to its ability to increase intracellular reactive oxygen species levels, as well as its long physiological half-life (8 h-20 days) and involvement in oxidative damage and signaling-related pathways (Bain et al. 2011; Chien et al. 2000; Yang et al. 2012) . We here establish a model for fertilized eggs with oxidative damage, using H 2 O 2 , and show the effects of oxidative damage on early embryonic development, cell cycle checkpoints, expression of ROS, γH2AX, Cdc25 family members, and Cdc2 to reveal oxidative damage repair mechanisms in fertilized eggs.
Materials and methods

Experimental animals
Adult Kun-Ming mice (3-6 weeks old), used for our experiments, were purchased from the animal center of Shantou University Medical College. All animals were treated in compliance with the rules of the National Animal Protection of China and The Guide for the Care of Use of Laboratory Animals by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . All experimental protocols were approved by the Laboratory Animal Ethics Committee of our institution (SUMC2014-014). This study was authorized by the Institutional Animal Care and Use Committee of Shantou University Medical College.
Collection of sperm and oocytes, IVF, culture and observation of embryos According to our previous studies (Xiao et al. 2011) , to collect sperm, male mice were euthanized and the caudate epididymis was washed clean in phosphate-buffered saline (PBS) at 37°C, then minced with scissors and incubated in capacitation medium (HTF medium [Cooper Surgical Inc.] supplemented with 1.5 % BSA) under a 5 % CO 2 atmosphere, at 37°C, for 1 h. Female mice were induced to superovulate by sequential injection of 10 IU pregnant mare serum gonadotropin (PMSG) and 10 IU human chorionic gonadotropin (HCG), 48 h apart. At 13 to 15 h after HCG administration, mice were euthanized and cumulus oocytes were obtained from the oviducts, washed in PBS at 37°C, and then placed in drops of fertilization liquid (HTF medium containing 0.4 % BSA) under oil. Then, 10 μL sperm, prepared in sperm capacitation liquid, was added to each drop of fertilization liquid, containing denuded oocytes, and incubated in a 5 % CO 2 incubator at 37°C for 6 h. After insemination, embryos were placed in 37°C HTF medium, washed, and then cultured in embryo culture medium (HTF medium supplemented with 0.4 % BSA and 10 % fetal bovine serum) in a 5 % CO 2 incubator at 37°C. The embryo culture medium was renewed daily. For blastocyst cultures, we performed the same operation as above but used blastocyst medium (Cooper Surgical Inc.) instead of embryo culture medium.
Mouse zygote model for oxidative damage
To develop a mouse zygote model for oxidative damage, we selected two-pronuclear embryos in G1 phase, at 7-h post insemination (hpi), then exposed zygotes to embryo culture medium containing different concentrations of H 2 O 2 (0, 0.01, 0.02, 0.03, 0.04, 0.05 mM), for 30 min, selected on the basis of prior references (Bain et al. 2011; Liu and Keefe 2000) , and our preliminary experiments. Embryos in control and treated groups were then washed in fresh embryo culture medium extensively and cultured in embryo culture medium at 37°C and 5 % CO 2 until day 4. To evaluate the model, cleavage and embryo development were examined with an inverted microscope (Olympus Inc., Japan) every 24 h for 5 days. In order to guarantee the reliability of the experimental data, groups of zygotes were treated with various concentrations of H 2 O 2 . The total number of zygotes, used at 0, 0.01, 0.02, 0.03, 0.04, and 0.05 mM H 2 O 2 , was 443, 363, 316, 393, 365, and 326, respectively.
Onset and endpoint of S phase and the endpoint of M phase of mouse zygotes and mouse 2-cell embryos
The onset and endpoint of S phase was determined by BrdU incorporation according to our previous studies . Mouse zygotes were divided into H 2 O 2 -treated and untreated groups of 15-25 zygotes per group and incubated in embryo culture medium at 37°C in a 5 % CO 2 incubator. Beginning at 8 h and continuing through 19-h post insemination, BrdU incorporation was measured every other hour by incubating zygotes in 1 mM BrdU-containing embryo culture medium for half an hour. Zygotes were then fixed in 2.5 % paraformaldehyde for 15 min, placed on polylysine slides, and washed three times with PBS containing 10 % FBS and 0.2 % Triton X-100, followed by incubation in 1 mM HCl for half an hour, and washing in 0.1 mM borate buffer solution for 20 min. Cells were permeabilized by washing three times with PBS containing 10 % FBS and 0.2 % Triton X-100, then blocked in the same solution for half an hour at 37°C. Zygotes were subsequently incubated with 6 μg/mL anti-BrdU antibody (Sigma) for 1 h at 37°C, washed three times with PBS containing 2 % FBS and 0.1 % Triton X-100, then treated with secondary FITC-conjugated goat anti-mouse IgG antibody (Sigma) for 1 h at 37°C. Embryos were washed three times with PBS containing 2 % FBS and 0.1 % Triton X-100, counterstained with 10 μg/mL propidium iodide (PI) (Beyotime) overnight at 4°C, washed again, and coverslipped with mounting medium (Beyotime). A confocal microscope (Olympus FluoView FV 1000, Japan) was used to observe the immunocytochemical staining. The number of total zygotes and BrdU-positive zygotes were counted to assess the frequency of BrdU-positive zygotes (number of BrdUpositive zygotes/total number of zygotes scored). The time point when frequency of BrdU-positive ≥10 % was accepted as the starting time of S phase, after 100 % BrdU-positive, it began to fade away, and the time when 90 % BrdU-positive vanishing was accepted as the end of S phase. Six hundred forty-one zygotes from the untreated group and 653 zygotes from the treated group were used for the BrdU incorporation experiments to assess S phase. We observed early embryonic development and calculated the zygotic embryo cleavage rate half an hour a time from 17 to 26 hpi then calculated the 2-cell embryo cleavage rate an hour a time from 45 to 55 hpi. The time point when 95 % of the zygotic embryos and 2-cell embryos cleaved was assessed as the endpoint of M phase. Two hundred thirty-four zygotes from the treated group and 230 zygotes from the untreated control group were used for determination of the endpoint of M phase.
Determination of ROS products
To determine ROS levels, zygotes in 0.03 mM H 2 O 2 treated and untreated group were incubated in 2 μM dichlorodihydrofluorescein diacetate (Sigma, USA) (DCFH-DA)-containing HTF medium for 30 min at 37°C after exposing to H 2 O 2 . Zygotes were then washed three times with HTF medium and mounted on glass slides. Fluorescence was measured using a confocal microscope (Olympus FluoView FV 1000, Japan) with exciting light of 495 nm and emissive light of 520 nm. Image-Pro Plus 5.0 software was used to analyze DCF fluorescence intensity in zygotes. Fifty zygotes from the treated group and 47 zygotes from the untreated group were used for determination of ROS products.
Immunofluorescence staining for checkpoint pathway activation
To investigate the oxidative damage checkpoint pathway underlying the possible cell cycle arrest in oxidativedamaged mouse zygotes, we collected zygotes in the pronuclear stage to detect the activations of relevant regulatory proteins: γH2AX, phospho-Cdc25A (Ser76), phospho-Cdc25B (Ser323), phospho-Cdc25C (Ser216), and phospho-Cdc2 (Tyr15). Zygotes were initially washed with TPBS (PBS containing 0.05 % Tween-20). To remove the zona pellucidae, embryos were digested with 0.1 % pancreatin, then fixed in 4 % paraformaldehyde for half an hour and mounted on polylysine-coated slides, washed with TPBS three times, 5 min each time, then permeabilized with TPBS supplemented with 0.5 % Triton X-100 at room temperature for half an hour. Permeabilized zygotes were washed with TPBS as above and blocked for 1 h at room temperature in blocking solution (TPBS containing 3 % BSA and 10 % goat serum) then incubated 1 h at 37°C with antibody against γH2AX (1:500 dilution, Abcam) or incubated overnight at 4°C with antibodies against phospho-Cdc25A (Ser76) (1:200 dilution, Santa Cruz Biotechnology), phospho-Cdc25B (Ser323) (1:200 dilution, Biorbyt), phospho-Cdc25C (Ser216) (1:200 dilution, Biorbyt), and phospho-Cdc2 (Tyr15) (1:500 dilution, Abcam). Embryos were then washed with TBS and incubated with secondary antibody at room temperature for 1 h (For γH2AX: goat anti-mouse IgG-Alexa Fluor 488, 1:500 dilution, Sigma; for Cdc25 and Cdc2: goat anti-rabbit IgG-FITC, 1:500 dilution, Santa Cruz Biotechnology), washed with TPBS and counterstained with PI (Beyotime) (for γH2AX) or 4,6-diamidino-2-phenylindole (DAPI) (Sigma) (for Cdc25 and Cdc2) at room temperature for half an hour. Zygotes were then washed three times and coverslipped with mounting medium (Beyotime). A confocal microscope (Olympus FluoView FV 1000, Japan) was used to observe the signal.
Statistical analysis
Data are shown as mean ± SD. To identify the differences between the treated and untreated groups, we applied a t test to analyze the data, including the onset and the endpoint of S phase, the onset of M phase, the percentage of embryos at different developmental stages, and quantification of relative fluorescence intensity of ROS, by using SPSS 17.0 software (SPSS Inc., USA). A p < 0.05 was considered statistically significant.
Results
Development of zygotes treated with different concentrations of H 2 O 2
To induce oxidative stress, different concentrations (0, 0.01, 0.02, 0.03, 0.04, 0.05 mM) of H 2 O 2 were used to treat mouse zygotes, then the dose-effect of H 2 O 2 on embryonic development was investigated. H 2 O 2 at 0.01 and 0.02 mM had no significant effect on the embryonic development (Fig. 1) . However, exposure of mouse zygotes to 0.03 mM H 2 O 2 reduced the rate of blastocyst formation but had no significant reduction in the rates of 2-or 4-cell formation. Exposure to H 2 O 2 at 0.04 and 0.05 mM produced a reduction in the rates of 2-cell, 4-cell, and blastocyst formation. As embryos in clinic are apparently normal in D3, but some do not develop to the blastocyst stage which may be related to oxidative stress, so we assume that the concentration of H 2 O 2 in 0.03 mM may be the minimum value which induced oxidative damage in the zygote.
Onset and endpoint of S phase and the endpoint of M phase of mouse zygotes and mouse 2-cell embryos in the treated vs. untreated groups
The onset and endpoint of S phase were determined by BrdU incorporation (Fig. 2) . At 0.03 mM H 2 O 2 , onset of S phase of the zygotes was nearly identical for the treated (9.86 ± 0.26 hpi) and control (9.67 ± 0.42 hpi) groups (p > 0.05) (Table 1) . Similarly, the S phase endpoints of the treated and control groups were 17.42 ± 0.37 hpi and 17.14 ± 0.26 hpi, respectively (p > 0.05). However, the zygotes in the treated and control groups displayed a significant difference in M phase endpoint, with the treated group exhibiting a 3-h delay (23.43 ± 0.40 hpi vs. 20.10 ± 0.36 hpi, p < 0.05) (Table 1, Fig. 3) . For 2-cell embryos, the endpoints of M phase of the treated and the control groups were similar at 49.47 ± 1.45 hpi and 48.37 ± 0.57 hpi (p > 0.05), respectively. These results suggest that the reduction in the rate of blastocyst formation, observed above, was due to a delay in G2/M phase.
The ROS level in treated and untreated zygotes
To evaluate OS in zygotes, we tested the level of intracellular ROS using the fluorescent probe DCFH-DA. The DCF fluorescence intensity in zygotes of 0.03 mM H 2 O 2 group was 18.23 ± 1.20, significantly higher than untreated group (6.14 ± 1.38) which indicated an augmented production of ROS (p < 0.001) (Fig. 4a, b) . Fig. 1 The developmental profiles of zygotes treated with a titration of H 2 O 2 . Zygotes exposed to H 2 O 2 at 0.03 mM had no significant reduction in the rates of 2-cell, 4-cell formation, while produced a reduction in the rates of blastocyst formation. Treatment during the zygote stage resulted in a significant decrease in the proportion of both 2-cell embryos, 4-cell embryos, and blastocyst formation with the concentration of 0.04 and 0.05 mM. H 2 O 2 at 0.01 and 0.02 mM had no significant effect on the embryonic development. Significant (p < 0.05) differences are noted by different asterisks above bars
Activation of γH2AX of mouse zygotes in treated and untreated groups
In order to assess whether OS causes DNA damage, we used immunofluorescence microscopy to monitor the presence of γH2AX staining, a sensitive and early marker of DNA damage. As reported in Fig. 5 , we detected γH2AX staining in pronucleus of zygotes in treated groups with 0.03 mM H 2 O 2 . In contrast to the H 2 O 2 -treated group, γH2AX was not detected in control zygotes.
Activation of Cdc25 isoforms and Cdc2 of mouse zygotes in treated and untreated groups
To determine whether cell cycle checkpoint activation was responsible for the delay of M phase, the phosphorylation of Cdc25A (Ser76), Cdc25B (Ser323), Cdc25C (Ser216), and Cdc2 (Tyr15) of mouse zygotes in the treated and the untreated control groups was determined by immunocytochemistry. In the H 2 O 2 -treated group, phospho-Cdc25C (Ser216), Cdc25B (Ser323), and Cdc2 (Tyr15) were detected in the zygote cytoplasm. Phospho-Cdc25A (Ser76) activation was not observed in the H 2 O 2 -treated group in zygotes. In contrast to the H 2 O 2 -treated group, phosphorylation of the Cdc25 isoforms and Cdc2 was not detected in control zygotes (Figs. 6, 7, and 8) . These results suggest oxidative stress-induced DNA Damage of mouse zygotes triggers G2/M checkpoint and phosphorylates Cdc25 and Cdc2.
Discussion
Gametes and embryos are sensitive to culture conditions and the surrounding environment. During embryo collection and manipulation in vitro, the fertilizability and subsequent developmental competence are negatively impacted (Kimura et al. 2010; Wale and Gardner 2016) , in particular by oxidative stress (Wang et al. 2009; Orsi and Leese 2001) . Also, others have reported that cell cycle arrest may be the result of oxidative damage (Houtgraaf et al. 2006) , and oxidative damage ultimately may affect viability or long-term development (Wale and Gardner 2016) . Although numerous studies have examined the early development of DNA-damaged zygotes caused by ROS (Bain et al. 2011; Liu and Keefe 2000) , it is not clear how mammalian zygotes respond to oxidative damage (Gawecka et al. 2013) . Fig. 2 The signal of BrdU. a BrdU-positive zygotes. b BrdUnegetive zygotes. Nuclei were stained with PI (red fluorescent), PI propidium iodide. In BrdUpositive zygotes, BrdU fluorescent (green fluorescent) was detected in the nucleus. No staining was detected in BrdUnegative zygotes To study the mechanism of how the zygote responds to oxidative damage, and identify the related signaling pathways, and to simulate clinical in vitro fertilization, we developed an oxidative damage zygote model using H 2 O 2 as the oxidative damaging agent. We show that H 2 O 2 at 0.01 and 0.02 mM had no significant effect on embryonic development. However, although mouse zygotes exposed to H 2 O 2 at 0.03 mM had no significant reduction in the rates of 2-and 4-cell formation, the zygotes showed a reduction in the rate of blastocyst formation. At 0.04 and 0.05 mM, H 2 O 2 produced a reduction in the rates of 2-cell, 4-cell, and blastocyst formation. These results suggest that zygotes exposed to H 2 O 2 at 0.03 mM produced a reduction in the rates of blastocyst formation that may be the result of the oxidative damage. We assume that the concentration of H 2 O 2 in 0.03 mM may be the minimum value which induced oxidative damage in the zygote, so is the most similar situation to the phenomenon in the clinic.
Based on our established oxidative-damaged mouse zygote model, a single minimum concentration of H 2 O 2 (0.03 mM) which induced oxidative damage in the zygote was elected as the treated group. We compared duration of S phase and G2/M phase between the control group and treated group. No significant difference was found in S phase (p > 0.05) between treated and untreated control groups. However, treatment of zygotes resulted in a statistically significant 3-h delay in M phase entry (p < 0.05). In addition, our data show that exposure to H 2 O 2 at 0.03 mM produced a higher level of ROS than untreated group, and γH2AX was detected in mouse zygotes exposed to H 2 O 2 at 0.03 mM. Although several cellular components will be oxidized upon H 2 O 2 exposure, including lipids, proteins, and DNA, because γ-H2AX was only detected in H 2 O 2 treated zygotes; this would suggest that DNA damage is the likely cause for the delay. Consistent with this, H 2 O 2 -mediated oxidative stress induced G2/M cell cycle arrest, a cell cycle checkpoint, although cells did not arrest in G1/S and S phase. However, it has been reported that embryonic stem cells lack a G1/S checkpoint due to degradation of p21 protein after γ-irradiation or X-irradiation (Shimura et al. 2002) . A similar mechanism may also be responsible for the lack of a G1/S checkpoint in oxidative-damaged mouse zygotes. Cdc25A is related to the intra-S checkpoint (Sur and Agrawal 2016) . However, phospho-Cdc25A (Ser76) was not detected in our experiment. This would also explain why oxidative-damaged zygotes go through S phase without any delay. As our results show that the activation of the G2/M checkpoint may result from phosphorylation of Cdc25B and Cdc25C. Moreover, the 3-h delay in G2/M, induced with 0.03 mM H 2 O 2 , is longer than the 2.5-h delay observed in mouse embryos following fertilization with oxygen-stressed sperm (2.5 h) , indicating a requirement for more time for the zygote to repair oxidative damage induced in G1 phase than introduction of oxidative by sperm. DNA repair in the embryo relies entirely on maternal mRNAs and proteins (Derijck et al. 2008) . Based on data presented here, we speculate that when oxidative damage occurs in the fertilized egg, maternal genes may also be damaged, which will affect DNA repair. Thus, more time is needed for zygotes to repair oxidative damage induced in G1 phase. The involvement of maternal genes in the mechanism of DNA repair in zygotes will be our research direction in the future. In addition, M phase entry of zygotes in the treated group is delayed, but the difference in cleavage is not significant between two groups at 24 hpi. One possible reason might be that the 2-cell cleavage stage has a pause, i.e., when control zygotes in the 2-cell cleavage stage reach 95 % at 20 hpi, cells arrest without significant changes in 2-cell cleavage during 20 hpi to 24 hpi, enabling the H 2 O 2 -treated zygotes to catch up. Another possibility is that the speed of the 2-cell cleavage in the treated group is faster as a result of embryo mitochondrial energy consumption in advance after oxidative damage recovery (Bain et al. 2011 ). This may also result in a decline of embryo development potential .
At a concentration of 0.03 mM, we observed a delay of G2/M phase and a decline in the rate of blastocyst formation in the treated group, without a difference in the 2-cell cleavage rate and 4-cell cleavage rate, compared with the control group, which is consistent with clinical phenomena (Johnson and Nasr-Esfahani 1994) . We assume that DNA repair functions are activated in mouse embryos once DNA is damaged, which helps embryos reach the 4-cell stage. However, the function of the G2/M checkpoint is limited in mouse zygotes because it depends on the limited oocyte-derived transcripts and proteins (Yukawa et al. 2007 ). The results in our experiment indicate that the G2/ M checkpoint in mouse zygotes is only partially able to cope with oxidative DNA damage. Several studies have shown that after DNA damage sensing, cell cycle checkpoints would proceed to apoptosis if the damage overwhelms the repair mechanisms, is incorrectly repaired, or is partially repaired (Cho et al. 2013; Kastan and Bartek 2004) . Our study suggests that residual DNA damage prevents embryo entry into the blastocyst stage. As mentioned above, DNA damage repair may just be partial, limiting the developmental potential of the embryo to reach the blastocyst stage. Indeed, this phenomenon corresponds with clinical trials (Nasr-Esfahan et al. 1992 ), yet most of the embryo transfer occurs within a 3-day period, ahead of blastocyst formation. Thus, some apparently normal embryos are transplanted, despite the oxidative damage-mediated decline in the success rate of transplantation. Consistent with our previous research (Song et al. 2014) , we found that in the H 2 O 2 -treated group, phospho-Cdc25C (Ser216) and phospho-Cdc25B (Ser323), but not phosphoCdc25A (Ser76), are detected. Savitsky and Finkel also demonstrated that exposure to H 2 O 2 impacts Cdc25C rather than Cdc25A levels (Savitsky and Finkel 2002) . Moreover, Cdc25B is also a key regulator of G2/M transition (Astuti et al. 2010; Lammer et al. 1998) . We assume that Cdc25B and Cdc25C are concomitant with G2/M cell cycle arrest in oxidatively damaged zygotes. In our previous research, phospho-Cdc25C (Ser216) was found in and around one of the pronucleus in mouse zygotes fertilized with H 2 O 2 -treated sperm (Song et al. 2014) . Phospho-Cdc25C (Ser216) has been reported expression mainly in nucleus in vulvar carcinomas and expression in cytoplasm in normal vulvar squamous epithelium. Phospho-Cdc25C (Ser 216) may stay in the nucleus and activate MPF, thus triggering G2/M transition (Wang et al. 2010 ). In our research, Phospho-Cdc25C (Ser 216) only expressed in cytoplasm in H 2 O 2 treated zygotes, which may lose its access to nuclear MPF, thus inhibiting mitotic entry. It indicates that Phospho-Cdc25C (Ser 216) can be located in the nucleus as well as the cytoplasm, but different position may result in different function (Wang et al. 2010 ). In addition, phosphoCdc25C (Ser216), phospho-Cdc25B (Ser323), and Cdc2-Tyr15 are detected surrounding one of the pronuclei, possibly the maternal pronucleus, because DNA damage in the zygote stage is repaired by maternal gene expression (Derijck et al. 2008) . In agreement with our study, γ-irradiation (IR) and Jaridonin induce G2/M arrest and concomitant diminution of activation of Cdc25C-Ser216 and Cdc2-Tyr15 (Yan et al. 2012; Ma et al. 2015) .
In conclusion, our study suggests that cell cycle arrest mediated by G2/M checkpoint activation occurs in mouse zygotes treated with H 2 O 2 . Phospho-Cdc25 and phospho-Cdc2 correlate with activating the G2/M checkpoint in mouse zygotes treated with H 2 O 2 .
